there is a critical need to identify and intervene upon modifiable risk factors for poor waitlist and perioperative outcomes.
Frailty, originally a geriatric construct, reflects accumulated deficits across physiologic systems that attenuate the body's physiologic reserve. We recently demonstrated that frailty is prevalent in lung transplant candidates and is independently associated with disability and delisting or death on the waiting list, as well as with death after lung transplantation. 6, 7 Recent studies in community-dwelling and institutionalized older adults suggest that frailty may be reversible through exercise-based intervention. [8] [9] [10] [11] For those with lung disease, traditional hospital-based pulmonary rehabilitation may achieve similar goals, but many patients cannot access these programs due to geography or insurance limitations. [12] [13] [14] Thus, a home-based intervention targeting at-risk frail patients before lung transplantation could overcome these limitations and, if successful, could potentially reduce frailty-attributable waitlist disability and mortality. Further, it might allow patients to undergo surgery in a more optimized physical and nutritional state (ie, "prehabilitated"), potentially reducing postoperative complications, disability, and mortality. 15 Although home-based pulmonary rehabilitation is common elsewhere, it is rare in the United States and a program to treat frailty in patients awaiting lung transplantation at home has never been attempted. 16, 17 Herein, we report the results of a pilot home-based intervention that leverages mobile health technology to treat frailty in adults awaiting lung transplantation.
| ME THODS

| Study rationale
Our primary aim was to determine the feasibility of treating frailty in adult candidates for lung transplantation using a home-based program leveraging mobile health technology. If successful, such an intervention could be an inexpensive option not bound by geography or insurance to test whether reducing frailty reduces waitlist mortality and/or perioperative complications.
| Study design, participants, and setting
We performed an 8-week nonrandomized home-based exercise intervention in patients aged ≥50 who were listed or soon to be listed for lung transplantation for either chronic obstructive pulmonary disease (COPD) or pulmonary fibrosis (PF) at the University of California, San Francisco. Additional inclusion criteria were the ability to understand and speak English, home oxygen equipment capable of delivering the required supplemental oxygen determined during in-person assessment (see below), a Short Physical
Performance Battery (SPPB) frailty score of ≤11 (SPPB range 0-12, lower scores reflect increasing frailty), and outpatient status. We excluded patients who were already enrolled or planned on soon enrolling in a traditional hospital-based pulmonary rehabilitation program or those with pulmonary hypertension (pulmonary arterial mean pressure ≥30 mm Hg on right heart catheterization or a pulmonary arterial systolic pressure >50 mm Hg or a report of moderate right ventricular dysfunction or worse on transthoracic echocardiogram). We excluded those who lived alone based on concerns for safety. Based on 2 years of funding, the timeframe for recruitment was December 2015 through November 2017.
Our primary goal was to test the key process measures needed to inform the design of a randomized controlled trial (ie, safety, attrition, adherence; Table 1 ). Nevertheless, we aimed to recruit 26 subjects based on sample size calculations needed to identify a within-person improvement in the SPPB derived from prior studies (α set at 0.05, β set at 0.2). We previously found a one-point change in Weekly phone check-ins and semistructured interview at study completion Identify whether additional education or modifications to Aidcube and Fitbit activity monitor are needed and identify problems in the home-exercise program overall from the perceptive of the study subject the SPPB to be associated with increased risk of disability and waitlist mortality. The study was registered at ClinicalTrials.gov (Protocol ID: 15-17503) and was approved by our Institutional Review Board (CHR #15-17503). All subjects provided written informed consent after the intervention was explained.
| Mobile(m) health interface
We customized a commercially available mobile device application ("app") platform (Aidcube™) to deliver our intervention. Aidcube™ was initially developed to enable the delivery of home-based pulmonary F I G U R E 1 A, Patient-facing interface for mobile health frailty intervention platform. When a subject opens the Aidcube™ app, he or she is presented first with his/her exercise prescription for the day. S/he inputs the number of repetitions performed for a particular exercise and then selects the "Next" button to automatically load the next exercise. Incorporating "gamification" for motivation, a white unsmiling cartoon face is located at the top of left of the screen. As activities are completed, they face the moves to the right and transitions from white to yellow to green and smiles. If the patient needs to, s/he can view a description and video of the exercise by clicking on the magnifying glass to the right of each exercise name. B, Provider-facing interface for mobile health frailty intervention platform. Based on documented progress and responses to the weekly check-ins with the study coordinator, the provider can advance the exercise prescription in the provider portal by adding time for aerobic activities, repetitions and/or sets for strength exercises, or adding new exercises. Exercises can also be reordered or replaced using simple commands to the right of each exercise name Participants were provided tablets preloaded with the Aidcube™ app or the app was installed on their smartphones, if preferred. To improve adherence, we developed a menu of potential exercises allowing participants to choose those exercises that they found most interesting for certain muscle groups. Once selected, participants were taught how to safely perform the exercises at home and were asked to demonstrate "teach-back" until correct performance was confirmed. We utilized techniques to address both the motivational and volitional phases of behavior change. For example, we asked patients to recall earlier experiences when exercising and eating well made them feel that they had endurance and energy. After selecting exercises, they goal set in a collaborative way with the study coordinator. The coordinator helped patients adopt phrases to improve their sense of self-efficacy (eg, "I know I can do this [the prescribed exercises]". All exercises, except daily aerobic exercise (ie, walking),
were to be completed thrice weekly. Participants were instructed to
give muscle groups at least one day to recover before training the same group again. We advised alternating the days that they com- Dietary Guidelines for Americans, which include increasing fruit and vegetable consumption and choosing lean protein sources, whole grains, and low-fat dairy products. 23 Limited intake of foods and beverages containing saturated fats, trans fats, added sugars, and sodium was encouraged. Recommended foods and meal patterns were tailored based on participants' reported allergies, cultural food preferences, and comorbidities such as hypertension, hyperlipidemia, and diabetes. Recommended nutrient intake was adjusted based on weight loss or weight gain goals to achieve an acceptable pretransplant body mass index (BMI). Diet and activity goals were set with each patient.
Participants were assigned five core exercises frequently used in pulmonary rehabilitation (walking, sit to stands, tandem walking, wall push-ups, and pursed-lip breathing) and five stretches.
We used the provider interface of Aidcube™ (below) to create and adjust the participant's exercise diaries. The initial aerobic exercise prescription was set at 65%-75% of each participant's maximum exercise capacity which was estimated from the 6MWT. The initial strength prescription was based on each participant's baseline SPPB frailty score. Participants without access to a home treadmill were prescribed a daily step count goal based on their diagnosis. Those participants with access to a treadmill were prescribed a walking recommendation based on speed in addition to a daily step count goal.
Participants' grip strength was used to select which color (intensity)
Theraband was appropriate; those with grip strengths falling below the lowest quintile cutoff for gender and BMI-based norms or selfreported wrist, hand, or finger pain were provided red Therabands. 24 Participants with grip strengths falling above the lowest quintile cutoff tested the green and blue Therabands during the in-person training and selected the color that felt safest and most appropriate for their needs.
| Intervention phase 2: Home-based exercise and nutrition intervention
Once home, participants utilized the patient interface of Aidcube to view and log the completion of their prescribed exercises. Before beginning their exercises, they were provided a pop-up safety guideline message. In addition to logging their exercises, participants indicated their level of motivation to exercise and their mood for the day. They also reported their maximum heart rate and lowest oxygen saturation observed during the exercise prescription. Progress was monitored in real time through the provider interface of Aidcube.
This interface was also used to progress the exercise prescription over time by an expert in pulmonary rehabilitation (CG).
A trained coordinator conducted weekly phone check-ins. These 
| Process measures
Given the pilot nature of this study, the primary outcomes of interest were those process measures needed to inform the design and execution of a randomized controlled trial. The measures included consent rates, attrition, safety, adherence, and subject feedback (Table 1) .
| Outcome measures
Although we anticipated being underpowered to detect statistically significant changes in outcome measures, we were interested in determining whether the intervention was capable of improving measures of frailty, functioning, and patient-reported outcomes in order to generate point estimates of change for future sample size calculations. We evaluated within-subject changes over the course of the intervention. We evaluated the Short Physical Performance Battery (SPPB) and the Fried Frailty Phenotype (FFP) as our measures of frailty. 24, 26 The SPPB is a 3-component battery that includes gait speed, chair stands, and balance. Each component is scored from 0 to 4, yielding an aggregate score ranging from 0 to 12. Lower SPPB scores reflect increased frailty, and a threshold ≤7 has been used in lung transplantation to define the frail state. 6, 7 Other studies have used different thresholds to define frailty by SPPB (eg, 6, 8, 9, 10), and prior work in COPD used a threshold of ≤9. 27 The FFP is an aggregate score of five constructs: low physical activity, slowness, weakness, shrinking, and exhaustion. 24 We used a modified version of the FFP that has better construct and predictive validity in lung transplant candidates than the original measure that was developed in a community-dwelling older population. 
| Analysis approach
Analyses were performed using Stata (15.1, StataCorp, College
Station, TX, USA). For tests of change, we used paired t test or paired
Wilcoxon rank sum tests, as appropriate. A P-value of < .05 was used as the threshold for statistical significance.
| RE SULTS
Over 22 months, 45 candidates were screened ( Figure 2 ). Of these, 13 were excluded; pulmonary hypertension was the predominant reason (n = 8, 62%). An additional 9 candidates either had SPPB scores of 12 on reexamination or consented but underwent transplant before they were able to attend the in-person evaluation. Of the remaining 23 potential candidates, 8 declined to participate (31%), yielding 15 participants who enrolled in the intervention. These 15 subjects were aged 62.9 years (standard deviation [SD] ± 5.7), 33% female, and 66% had COPD (Table 2) .
At baseline, SPPB and FFP frailty scores were 9.7 (SD ± 1.0) and 2.4 (SD ± 1.1), respectively. By SPPB, no participants were frail using the ≤7 threshold (2 were frail using a ≤ 8-point threshold, and 7 were frail using a ≤ 9-point threshold). By FFP, 7 participants were frail.
| Process measures
We found that the majority of eligible candidates ( We found that the intervention was safe. Over 108 subjectweeks of intervention, there were no falls, injuries, or serious adverse 
(Subject 13)
The participant experience in the intervention was nearly uniformly positive. Even older participants found the app interface intuitive and user-friendly. "I was excited about using the Fitbit, but I just kept misplacing it. My daughter got me the Flex device after I lost the Zip and that was a bit better, but still hard to remember to wear it." (Subject 6, F, age 57, COPD) "I've had no trouble using the app 
| Secondary outcome measures
Among 13 participants, SPPB frailty scores improved in 7 (54%) and FFP frailty scores improved in 8 (62%) subjects, respectively. We found a strong trend toward improvement in SPPB frailty scores from before (9.7 ± 1.1) to after the intervention (10.8 ± 1.5) with a withinperson change of 1.0 ± 1.9 (P = .08) ( Table 4) . No subjects were frail by SPPB using the ≤7 point threshold; using a ≤ 9 point threshold, 5 participants were frail before the intervention. At the end of the intervention, frailty had resolved in 3 participants (Table 5) . Similarly, there was a trend toward improved FFP frailty scores from before (2.4 ± 1.1) to after the intervention (1.7 ± 1.4) with a within-person change of −0.6 ± 1.0 (P = .07). Of the 6 participants who were frail by FFP at the beginning of the intervention (ie, FFP score of ≥3), 4 were no longer frail after the intervention (Table 5) . We did not identify overall improvements in 6MWD, grip strength, LT-VLA, or DASI (all P ≥ .26).
| D ISCUSS I ON
In this pilot study utilizing customized commercially available mobile health technology, we found that a home-based exercise and nutrition intervention is feasible, safe, and capable of improving frailty in adult lung transplant candidates quantified by two validated physical phenotype measures. The data generated from this pilot can provide important information needed to conceptualize and design future interventions focused on "prehabilitation" of lung transplant candidates with the goal of reducing morbidity and mortality both before and after lung transplantation.
Given the older and sicker candidates increasingly prioritized for lung transplantation, rising waitlist mortality rates, and increasing perioperative morbidity and cost after lung transplantation, new strategies to improve transplant candidacy are needed. 2, 4, 29 A robust existing literature supports that some drivers of physical frailty such as physical inactivity, poor nutrition, body composition, and others, may be modifiable. These potentially modifiable drivers of frailty, as well as frailty itself, are associated with increased risk of mortality before and after lung transplantation. 6, [30] [31] [32] [33] [34] [35] In addition to achieving our primary aims of demonstrating feasibility and safety, our most notable finding was that frailty can be improved through a targeted intervention consisting of escalating doses of exercise and nutrition counseling, even in end-stage lung disease. Of the participants who completed the intervention, over TA B L E 4 Outcome measures (n = 13 subjects who completed the intervention) half improved their frailty scores by the minimally clinically important difference and an equal proportion transitioned from frail to not-frail states. Interestingly, the proportion of participants who improved in our pilot study is similar to the few interventional studies aimed at treating frailty in other populations. In a prospective observational study of 91 institutionalized older adults prescribed a standardized exercise program combined with nutritional supplementation, 53%
improved their SPPB scores by at least one point by 6 weeks. 25 Cameron et al performed a 12-month randomized controlled trial of a multifactorial intervention targeting each component of the FFP frailty criteria in 241 community-dwelling older subjects meeting ≥3 FFP criteria. In those randomized to the intervention, SPPB improved by 0.52 points (SD ± 2.47), and FFP frailty improved by 0.8 points (SD ± 1.19). 8 Finally, in a prospective observational study of 816 adults with COPD attending a traditional pulmonary rehabilitation program, of the 117 frail subjects who completed pulmonary rehabilitation, 62% improved their FFP frailty scores by at least one point.
14 Despite our promising early findings, our pilot study has limitations that should be considered. First, our focus on process measures such as safety and feasibility involved weekly phone calls with a research coordinator. In addition to collecting process measure data, our coordinator provided participants encouragement and strategies to maintain engagement in the intervention. As a result, the intervention was not entirely contained within the app and it is possible that the effect size we observed would have been smaller if an intervention were conducted without weekly check-ins. In addition, the behavioral intervention in both Phase 1 and Phase 2 of the study included several different components. Anecdotally, at least one participant commented on the value of each of the different components. Our limited sample size and survey structure, however, did not enable us to determine which of the behavioral intervention components were most helpful nor the ways in which they interacted to impact our secondary outcomes. Second, given limited time and funding, we aimed for a relatively homogenous population of patients aged ≥50 years with either COPD or IPF. Although there is no biologic or physiologic reason to suggest our intervention would be less effective in younger subjects with other lung diseases, we lack primary data in these groups. Additionally, given the theoretical risks accompanying unsupervised exercise in advanced lung disease, we restricted the intervention to adults without severe pulmonary hypertension. The prevalence of pulmonary hypertension is high in waitlisted candidates and safety data in this large group of patients would be helpful for future studies. Finally, as the primary aims of the study were to establish safety and feasibility, we used a liberal SPPB inclusion criterion of a score <12. It is unknown whether patients with worse SPPB frailty scores would be more or less responsive to our intervention.
Despite these limitations, our study has notable strengths. First, our pilot study is the first to demonstrate that a mobile health supported home-based, unsupervised exercise and nutrition intervention in lung transplant candidates is safe, feasible, and effective. We also found that frailty scores can improve over a short time frame, TA B L E 5 Change in frailty scores and states over the course of the intervention by participant supporting the investigation of a prehabilitation program near the time of listing for transplant. Finally, this study also provides early data to inform future intervention or randomized controlled trial sample size calculations, recruitment and retention strategies, and potential outcome measures.
In conclusion, our findings suggest that a home-based prehabilitation program that leverages mobile health technology may be an inexpensive intervention not bound by geography or insurance that can safely and effectively improve frailty in lung transplant candidates. Whether this intervention can improve waitlist and longer-term outcomes in lung transplantation is worthy of additional study.
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